We compare the performance of metallic and dielectric thin film helix photonic metamaterial numerically. The simulated metal helix provides a 4 μm broad band circular dichroism with a polarization suppression ratio of 20:1. The transmission efficiency of the metal helix drops significantly with increasing number of helix turns and angle of incidence. Contraire, the simulated silicon dielectric helix structure provides an extremely high polarization suppression ratio above 2,300:1 with almost 100% transmission over a wide range of incident angles. The results provided highlights the trade-offs between the transmission efficiency and the specular and angular bandwidth for designing practical thin-film circular polarizers.
Introduction
Optical circular polarizers find their use in a variety of applications like displays, optical communication, photography, sensors and spectroscopy. A perfect circular polarizer should transmit one state of the circularly polarized light (CPL) and completely block the other CPL state. Wavelength range, acceptance angle, aperture size, mechanical stability, transmission efficiency and polarization suppression ratio are some of the key parameters that are considered when choosing a circular polarizer. Cholesteric liquid crystals (CLC) and a combination of linear polarizer with a quarter-wave plate are the two most commonly used methods to generate circularly polarized light [1, 2] . The bandwidth of a CLC film is determined by the liquid crystals birefringence (Δn) and the pitch length [3] . The performance of the LCs is further limited by their high viscosity and poor chemical and photo stabilities. The linear polarizer absorbs 50% of the incident light and the optical efficiency is halved. More recently metal helix structures have shown circular dichroism [4] . A lot of work is documented on the performance optimization and limitations on the optical performances of circular polarizers with metallic helical metamaterials [5] [6] [7] . Compared with the former two methods, the helical circular polarizer has advantages of broad frequency ranges, and compact structures which are convenient to integrating with other optical devices. However, the metal absorption leads to low transmission efficiency and poor polarization suppression ratio (PSR), which is defined as the ratio of the transmitted light intensity of one state of the circularly polarized light to the other state of the circularly polarized light. The loss associated with metallic metamaterials operating at optical frequencies presents a grand challenge in applications of optical functional metamaterials for integrated photonics applications.
One of the solutions to the low loss optical functional metamaterials is the use of all dielectric materials, which can be intrinsically zero-loss. The dielectric structures are more mechanically stable and feature the added advantage of higher temperature resistance, and damage threshold as compared to the metal helical polarizers. Methods like glancing angle deposition (GLAD), normal direct laser writing (DLW), stimulated-emission-depletion (STED) DLW and two template inversion methods hold promising future to fabricate high quality multi-turn dielectric helix circular polarizers [8] [9] [10] [11] . For the fabrication of semiconductor based helix structures, recently demonstrated magnetic field guided metalassisted chemical-etching (MacEtch) process can be a viable fabrication technique [12] . Complete three dimensional photonic band gaps have been reported by dielectric spiral photonic crystals, however, they did not exhibit circular dichroism [13] [14] [15] . A numerical study of dielectric helical structures comprising of hexagonal lattice exhibited polarization gaps with circular dichroism [16] . More recently circular dichroism using dielectric is demonstrated experimentally [17, 18] . However, the device performance is largely limited by the low index contrast between the photoresist and the background. So it is preferable to have semiconductor based dielectric structures for higher index contrast and integration with other passive/active devices for integrated optics on chip. In this paper we numerically investigate an all-dielectric circular polarizer consisting of silicon helix on glass substrate. We show that the simulated silicon dielectric helixes provides extremely high polarization suppression ratio above 2,300:1 with almost 100% transmission over a wide range of incident angles. The rigorous coupled-wave analysis (RCWA) technique [19, 20] is employed to compute the transmission for left and right circularly polarized light. The entire structure is built using rectangular blocks with a staircase approximation. The Maxwell equations are rigorously calculated at each wavelength. The solution inside each layer is solved as a Fourier expansion. Boundary conditions are used to match the tangential electromagnetic field components. The electromagnetic modes are calculated in each layer and are propagated analytically through each layer. The fundamental and higher order forward and backward wave diffraction efficiencies are determined by solving the coupled wave equations for the transmitted and reflected waves. The electric field is the sum of a series of Fourier components based on the solutions from the coupled wave equations from which the total transmission and reflection waves are computed for the transverse electric (TE) and transverse magnetic (TM) fields. The solutions of the TE and TM waves are then translated to compute the response of the helix structure into the transmission and reflection of the right and left circularly polarized light. When the tip of the electric field vector of the incident plane wave, at a given point in space, describes a circle and traces a right hand (RH) helix as time progresses, the plane wave is said to be RH polarized wave. Shown in Fig. 1 is the schematic of the unit cell of a dielectric silicon helix and a gold metal helix photonic metamaterial on glass substrate. The helices are arranged periodically in a square lattice. The dielectric helix period (a), major radius (R), axial pitch (p) and wire radius (r) are taken to be 1.5 μm, 0.550 μm, 2 μm and 0.2 μm respectively. The gold metal helix period, major radius, axial pitch and wire radius are taken to be 2 μm, 1μm, 2 μm and 0.2 μm respectively. The refractive index of the glass substrate is assumed to be 1.45 for all simulations. The dielectric silicon helix assumes a non-dispersive refractive index of 3.48 as silicon is transparent at the wavelengths of interests here (from 1.5 μm to 7 μm). The optical constants for the gold metal is taken from reference [21] , which is optimized for large bandwidth operation. The parameters for the dielectric helix are also near optimal, based on the scan of all key parameters for broadband operation. The light is incident along the axis of the helix. Results are shown for right-handed helixes. By symmetry, the RCP needs to be exchanged by LCP for left handed helixes.
Simulation and design
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Comparison between metallic and dielectric helix photonic metamaterial
Shown in Fig. 2 is the evolution of circular dichroism from metallic and dielectric helices. Metallic helix with one pitch behaves like a split ring resonator characterized by sharp descreet resonances. The end-fire geometry of the metallic helix structure results in different transmission for the right and left circularly polarized light [22] . As the number of turns of the metallic helix increase, the resonance weakens and the on axis ratio increase. The response of the metal helices is dominated by the interaction of internal resonances and mutual coupling of the helix [4] . This mutual coupling of the helices is responsible for broadband nature, however, the transmission drops due to increased metal absorption. A circularly polarized light with wavelength equal to the pitch of the dielectric spiral is completely reflected due to Bragg reflection. This circular Bragg reflection due to uniaxial nonhomogeneous refractive index distribution along the propagation direction is responsible for the circular dichroism in the dielectric helix structure [23] . When the effective wavelength of the light inside the dielectric spiral matches the pitch of the helix along the propagation direction, there is maximum light matter interaction and the light field peaks inside the dielectric spiral for one polarization state [24] . Inside the polarization band the light decays exponentially for the other polarization state. In summary, there is a tradeoff between transmission efficiency and the bandwidth while implementing circular polarizers for practical applications. The width of the polarization stop band is determined by the index contrast and the number of the turns (Fig. 3) . For a given pitch height, when the number of turns increase the width of the polarization stop band increase and then saturates. Increasing the number of helix turns further has negligible effects on the transmission spectrum near the Bragg region. Only three turns are needed to increase the PSR by a factor of hundred over a broad bandwidth of 500 nm. The metal helix structure with 3 turns, the unwanted metal absorption limits its transmission efficiency around 60%. All the simulations so far have assumed the propagation of light along the helix axis. In practicality the incident light has certain angular spread. Shown in Fig. 4 is the simulated angular dependence of the metallic and dielectric helix metamaterial. At non-normal incidence, the produced polarization state seen by the helix structure becomes elliptical and a relatively large amount of light leaks through the helix. Hence the polarization suppression ratio falls with increasing angle of incidence (AOI). The gold metal helix is very susceptible to incident angular. Significantly deterioration is observed at a 10 degree deviation from surface normal [6] . The transmission falls below 30% and the polarization suppression ratio reduces to less than 10:1 for incident angles greater than 30 degrees for the metal helixes. The dielectric helix maintains greater than 80% transmission efficiency at oblique incidences with relatively high polarization suppression ratios. At oblique incidence, the effective index increases as seen by the circularly polarized light resulting in a redshift of the dichroic band. The dielectric silicon helix provides large angular tolerance with high transmission efficiency at the expense of reduced dichroic bandwidth. The losses of the metal helix structures make them inferior to the dielectric helix structures in the infrared region. Scalability of the helixes allows the tuning of the polarization gaps while maintaining the polarization suppression ratio. The variable "s" in Fig. 5 is the scalability parameter. All the helix geometric parameters are scaled by a factor "s". The dielectric helix period (a) and axial pitch (p) are taken to be 1.5 μm and 1.8 μm respectively. The helix major radius (R) and wire radius (r) are taken to be 0.367a and 0.1333a for all the scaled simulation. A broadband spectral tuning is easily achievable with a dielectric spiral while maintaining high suppression ratio and transmission efficiency. The bandwidth increases from about 0.5 μm at around 2 -3 μm wavelength spectrum band to about 1.3 μm at around 5 -7 μm wavelength spectrum band. As shown the performance comparison summary in Table 1 , the relative bandwidth, defined as the ratio of the spectral bandwidth to the center wavelength, remains almost constant (21%), which is expected, similar to the well developed theory in dielectric photonic crystal structures. We expect similar performance with high transmission at oblique incidence for the scaled dielectric helixes and did not perform angular simulations. A judicious choice of dielectric helix parameters also allows the circular reflection band to be tuned to the visible spectrum to reflect red, green and blue light for high quality display applications. 
Conclusions
In summary, we have compared the optical properties of the numerically simulated metallic and dielectric helix photonic metamaterials. Only three turns metallic helix photonic metamaterial provide around 3 μm circular dichroism. However, the unwanted metal absorption limits the polarization suppression ratio to 20:1 and transmission efficiency to about 60%. Furthermore, the slight deviations from the surface normal illumination reduce the polarization suppression ratio to 10:1 and the transmission efficiency to below 40%. The lossless dielectric structures make them superior to the metal helixes in the infrared region. The numerically simulated silicon dielectric helixes can give almost 100% transmission efficiency and polarization suppression ratio exceeding 2000:1 independent of the spectral location. The simulated relative bandwidth remains almost unchanged to be around 21%. The dielectric helix polarizer provides transmission efficiency greater than 85% for one circularly polarized light is maintained for incident angles as high as 30°. These results highlight the design trade-offs between transmission efficiency and the specular and angular bandwidth while implementing circular polarizers for practical applications.
